(note correspondence author during submission is wrlc@st-and.ac.uk) 11 12 Capsule: Early nesting Barn Owls (Tyto alba) and those that switched nest sites fledged most chicks 13 overall because they could fit two more productive, nesting attempts into a breeding season. 14 Aims: To determine the frequency and productivity from double broods in Barn Owls, and for double 15 brooders, what affects the probability of nest switching, and how it affects productivity. 16
Introduction
Repeated breeding in a season, even after a successful first nest, can be an important component of 39 population dynamics for temperate bird species that have seasonal time constraints (Lack 1950 One potential further consideration for the occurrence of repeated breeding in a season may be 49 availability of nests sites, because a second nest site may allow a second brood to be started earlier, 50 even before the first has fledged, so allowing the second brood to start early enough to complete 51 within seasonal time constraints (Batchelder et al. 2012 ). Cavity nesters, however, are often severely 52 constrained in terms of nest site availability (Newton 1998 ) and this may well limit starting second 53 broods sufficiently early enough to be successful. Understanding such factors that contribute to 54 species breeding again, even after a successful first brood, may therefore be important in the 55 understanding and conservation management of both expanding and declining populations (Nagy & 56 breeding season can be extended and fitter individuals, or those in more prey rich habitats, have the640mm and annual mean temperature 8-10°C based on data from University of Northamptonclimatological records. 121
Following the UK's conservation plan for this bird (Shawyer 1987 ) and later its published strategy 122 (Brazil & Shawyer 1992) , the number of nest sites was increased throughout the three areas during 123 the project period as more artificial nest boxes were installed, natural sites identified and habitat quality 124 improved. Artificial nest site types varied between the three areas described (Table 1) . Sites in 125
Northamptonshire and the Ouse Valley were located primarily along the main river corridors at 126 approximately 1km spacing with boxes on poles arranged in pairs. Pole boxes were generally paired 127 with another pole box but occasionally with tree, or barn boxes at distances varying from 25-500m. In 128 the Peterborough area, there was an even distribution of mainly barn boxes approximately 1-2km 129 apart. Barn boxes in Northamptonshire were randomly located along main river corridors 130 complementing the more evenly distributed pole and tree boxes and were sometimes associated with 131 known natural tree sites. 132
All Barn Owl nest boxes and known natural sites were monitored at least once during the breeding 133 season. Where necessary, sites with known breeding attempts, and any sites nearby, received second 134 or multiple visits to complete data and check for second attempts. First checks took place from March 135 to June to determine where pairs were breeding. Clutch size, pulli numbers, weight, and a "food score" 136 was recorded. Food was scored on a 4-point scale where, food 0 = empty and hungry and 3 = well and 137 recently fed -this was used to confirm vole years: a food score of 2 or 3 for all pulli in a brood was an 138 indication that ample food was available. Length of emerging 7th primaries were recorded in order to 139 age chicks and establish lay dates. The pulli were aged by measuring length of emerged seventh 140 primary based on a chart of feather growth rates (Shawyer 1994) . The age of the eldest was used to 141 calculate the laying date based on an assumed incubation period of 31 days. There was a small error 142 estimating laying date if first laid eggs fail to hatch or chicks were found dead in the nest. The latter 143 was more likely in poor breeding seasons when brood depletion was greater and may have occurred 144 prior to first visits. It was assumed that fledging occurred 60 days after hatching. All pulli aged over 21size. Multiple visits enabled brood depletion to be calculated and the number fledging to be accuratelyestablished. 148
Whenever possible but avoiding disturbance, adults were captured, weighed, sexed, and moult and 149 brood patch status recorded following the nest recording methods developed by Shawyer (Toms et al. 150 2001). All captured adult birds were either ringed or previous ring details recorded. Any adult primary 151 and secondary moult feathers deposited in or close to a breeding site were collected, measured, and 152 used to help verify age and sex of adults based on individual feather length and the known moult 153 sequence (Shawyer 1998) . 154
Second checks took place from August to October at all sites where breeding had occurred earlier in 155 the year. Other known sites in the vicinity or within home ranges of original breeding sites were also 156 inspected at this stage in order to check for possible second breeding attempts at switched sites. In 157
Northamptonshire and Buckinghamshire there was potential for breeding to take place at other 158 unknown natural sites within a home range. In the fen landscape around Peterborough there were very 159 few natural alternative sites or unoccupied nest boxes. Consequently, it was less likely that second 160 broods were not recorded. Where breeding was confirmed the monitoring process was the same as 161 for first checks earlier in the year. 162
As the project progressed we became confident that any pairs that began to lay first eggs after 30th 163
April were unlikely to breed twice. Having established this, in the last two years of the project, the 164 monitoring effort for second broods was generally confined to pairs beginning first attempts on or 165 before 30 th April. During random checks of adjacent sites, no egg laying dates later than 30 th April for 166 first attempts by double breeding pairs were recorded. 167
The individual identity of adult birds was confirmed where possible through ringing and recapture with 168 due diligence and the need to avoid disturbance at critical times in the breeding cycle. The project 169 utilized frequent but sensitive monitoring and recording, together with local knowledge of habitats, 170 foraging patterns, and timing of breeding to obtain sufficient data to establish a minimum level of 171 double breeding attempts in the population. Both male and female adults were confirmed at The probability that a pair had a second brood depended significantly on laying date (earlier higher 211 probability, -0.08 + 0.01, z = -6.2, P < 0.001) and whether it was a vole year (higher probability in a 212 vole year, 1.5 + 0.5, z = 2. Table 3a ). The number of chicks lost in each nesting attempt only 218 depended significantly on lay date (slightly more chicks lost in later nests) but not on nest type or 219 whether it was a vole year (Table 3b) . 220
For pairs that had a second nesting attempt, the probability that they switched nest sites did not 221 depend on the number of chicks fledged (0.1 + 0.2, z = 0.8, P = 0.44) or lost from the first nest (0.6 + 222 0.4, z = 1.4, P = 0.17), laying date (0.01 + 0.02, z = 0.7, P = 0.47) and whether it was a vole year (1.4 + 223 1.1, z = 1.3, P = 0.22; overall N = 111). The number of chicks fledged in the second nesting attempt 224 depended significantly on lay date (more chicks for early nests; Figure 3 ) and the interval between the 225 date that the clutch was initiated in the first and second nest (fewer chicks as nest interval increased; 226 Figure 3 ), but did not depend on whether a pair switched nest sites for the second nest or whether itdependent on whether a pair switched nest sites, lay date, whether it was a vole year or the intervalbetween the date that the clutch was initiated in the first and second nest (Table 4b ). The interval 230 between the date that the clutch was initiated in the first and second nest was significantly less by 17 231 days for pairs that switched nest site (Figure 4) and increased significantly as the number of chicks 232 fledged from the first nest increased (Figure 4 ) and lay date of the first nest occurred earlier, but there 233 was no effect of vole year (Table 5 ). The total number of chicks fledged by double brooders in a 234 season was significantly greater by 1.7 chicks if a pair switched nest sites ( Figure 5 ) and decreased 235 significantly with later first nesting attempts, but there was no effect of whether it was a vole year or not 236 or the interval between the date that the clutch was initiated in the first and second nest (Table 6) . 237
Discussion 238
We found that early nesting birds were more likely to double brood, although this was relaxed in vole 239 years when later nesting birds could also double brood. Productivity (through increased numbers of 240 chicks fledged or reduced chick loss) was higher the earlier a nest occurred, and there were more 241 chicks fledged in good vole years and in second nesting attempts. Productivity, brood depletion, first 242 clutch date and vole years did not determine whether a double brooding pair switched. Productivity 243 (although solely through increased numbers of chicks) in the second nest did not change with a switch 244 but productivity increased for early first nests and for second nests that got started after a shorter 245 interval between the first and second nest. Switching however decreased nesting interval and nesting 246 interval was also less if there were fewer fledglings from the first nest. Finally, we found that overall 247 productivity was higher for pairs that switched. Overall, early nesting owls and those that switched nest 248 sites fledged most chicks because they could fit two more productive nesting attempts into a breeding 249
season. 250
Our results confirm the importance of early nesting and food availability to annual productivity in Barn 251 Approximately half of second attempts were in switched sites and were begun about two weeks earlier 270 than at sites of non-switchers. Site switching rates in Beziers & Roulin's study (2016) were slightly 271 lower than in our study, but first egg dates in switched sites were also about 2 weeks earlier than in 272 non-switched sites. The probability of switching in our study did not depend on the productivity of the 273 first attempt or the laying date; this was also the case for Beziers & Roulin's (2016) study. More likely it 274 was due to the opportunity afforded by the close proximity of other potential nest sites whether natural 275 or artificial. We have no data on mate switching between broods but Beziers & Roulin's (2016) study 276
showed that those females that switched sites and that did not divorce their male from the first brood, 277 bred relatively close to their original sites, suggesting that availability of a second nest site nearby may 278 also influence speed of re-nesting through pairs remaining together. 279
Our results also show the importance of nest site switching to annual productivity in Barn Owls, but 280 mainly in the context of facilitating earlier nesting: nest site switching per se probably does not lead to 281 greater productivity when controlling for the effects of the earlier nesting that it allows (see also Beziers 282 studies started nesting earlier. Second broods of double breeders were, however, more productive 286 compared to single breeders, controlling for laying date and food supply, suggesting that it is only 287 better quality Barn Owl pairs or those in better habitats that can breed twice. Double brooding also 288 clearly leads to much higher overall productivity: if we assume an average interval between clutches 289 then a double brooding Barn Owl pair will produce about 4 more chicks from both attempts (double the 290 annual productivity of a single breeder in a non-vole year). 291
We conclude that double brooding pairs could be a major contributor to population growth in Barn 292
Owls. Productivity was much higher, and importantly, unpublished data suggests that there was 293 minimal difference first winter survival for chicks fledging from first attempts (8.8%, N = 1299 294 recaptures and recoveries) compared with second attempts (6.1%, N = 294 recaptures and 295 recoveries). First attempts needed to have begun no later than 30 th April to create the opportunity to 296 breed twice and although early breeding was a pre-requisite for a second attempt it did not guarantee 297 it. But by switching sites for second attempts Barn Owls could probably be more successful because 298 they could re-nest earlier. Therefore, the availability of alternative nest sites within the home range 299 may be important to facilitate early laying of second clutches and site switching between broods. The 300 availability of nest sites was particularly high in our study: future studies should provide 1 or 2 nest 301 boxes in close proximity per Barn Owl territory to experimentally test whether increased availability 302 causes higher productivity by allowing more Barn Owls to be able to start a second brood early 303 enough. In our study, distances between nest boxes used for first and second broods varied 304 considerably (see Table 1 ) but were of the order of a few hundred meters. 305
Barn owls are unique among raptors and are known to double brood in most regions of the world 306 provided there is an ample supply of food. They have evolved to respond to cyclical changes in food 307 supply by maximizing reproduction in times of plenty and reducing reproductive effort in times of prey 308 scarcity. In the UK they are at the northern most latitude of world range and are subject to 'Atlantic' 309 weather and associated extreme climatic events which impact on food availability and successful 310 foraging (Taylor 1994). Therefore, in this context, it is probable that double brooding, although 311 important as a breeding strategy may be less successful in Great Britain than in other regions withmore stable environments. Nevertheless, it provides a mechanism for rapid population growth whenfood and nest sites are not limiting. The effects of double breeding on fecundity in subsequent years, 314 understanding the role of each sex and the biological process that stimulate double brooding, survival 315 rates, and the optimum siting of alternative nest sites are opportunities for further research to better 316 understand this. In the meantime, however, it seems that provision of at least two nest sites in close 317 proximity per pair may well facilitate increased number of, and more successful double brooding 318 attempts and so population growth in Barn Owls. Predicted values are plotted from the model in Table 3a for a nest starting on the median first egg date 464 for first nest. Bottom panel; the variation in number of chicks fledged with the date that the first clutch 465 was initiated. Predicted values are plotted from the model in Table 3a for the 1 st nest of 1 only attempt 466 and a non-vole year. 467 Table 4b for median date that the first clutch was initiated. 472 Table 5 for vole year and for median date that the first clutch was initiated (+ 1 standard error as 476 dashed lines). 477
Figure 5: The total number of chicks fledged from both nests with whether a pair used the same nest 478 site or shifted. Predicted values are plotted from the model in Table 6 for median date that the first 479 clutch was initiated and a median interval between the date that the clutch was initiated in the first and 480 second nest. 
